The diurnal cycle of airflow on the island of Hawaii and the structure of the low-level flow separation line between the island-induced offshore flow and incoming trade winds are reasonably well understood. This study examines the formation and organization of nocturnal and early morning offshore Hawaiian rainbands, the flow patterns associated with these rainbands, and their relationship to the flow separation line. This investigation uses the complete radar and aircraft dataset from the 1990 Hawaiian Rainband Project.
Introduction
The island of Hawaii, located in the central Pacific Ocean, consists of two volcanic mountains exceeding 4000 m in elevation. The island is influenced by steady easterly trade wind flow nearly 70% of the year and 90% of the summer (Schroeder 1993) . The trade winds are capped by an inversion at about 2000 m and are W A N G E T A L .
FIG. 1.
Hovmöller-type depiction of the radar-derived average morning rainfall during HaRP, (after Carbone et al. 1998 ). The CP4 radar was located at 0-km range (dark line).
forced to flow around the island. The thermodynamic and dynamic forcing of the diurnal cycle of onshore and offshore flow on the windward side of the island are now well understood. Early observational studies (e.g., Leopold 1949; Lavoie 1967; Garrett 1980 ) attributed the nighttime offshore flow to the thermal contrast between the island and ocean, a combination of landbreeze and mountain-valley nocturnal drainage flow. Later modeling studies by Smolarkiewicz et al. (1988) and Rasmussen et al. (1989) concluded that, for a low Froude number regime (Fr ϭ U/Nh), the offshore flow in the lowest levels is mainly driven by dynamic blocking of the island. In the equation, U is the environmental wind speed, N is the Brunt-Väisälä frequency, and h is the characteristic height of the island. They argued that thermal forcing was a secondary effect that modified the intensity of offshore flow (Rasmussen and Smolarkiewicz 1993) . Wang (1994, 1995) and Carbone et al. (1995) showed that the onset of upslope or downslope flow was associated with the sign of the density difference between the island surface and the adjacent air at the same elevation. The onset of the offshore flow usually occurs 30-60 min after the virtual temperature at the island surface becomes lower than that of the environment at the same elevation. Their results established a close relationship between the density difference and the onset of offshore flow and stressed the importance of thermal forcing on the islandscale circulation. Wang and Chen (1995) also showed that precipitation affected the evolution of the daytime upslope and nighttime downslope flow. Evaporative cooling and precipitation downdrafts were shown to reduce the surface virtual temperature so that, during rain events, the downslope flow in the coastal area had an earlier onset and lasted longer. Carbone et al. (1995) showed that, when rainfall occurs, only half of the observed moistening of the sub-cloud layer is needed to explain cooling associated with the production of negative buoyancy and the initiation of flow reversal. Leopold (1949) was probably the first to hypothesize that rainbands develop over the flow separation line between the westerly offshore flow and the incoming trade wind flow. Subsequent studies by Lavoie (1967) , Garrett (1980) , Smolarkiewicz et al. (1988) , and Rasmussen et al. (1989) suggested that the flow separation line is associated with the formation of rainbands offshore of the island. However, more recent studies by Austin et al. (1996) , Wang and Chen (1998) , and Carbone et al. (1998) showed that many of the rainbands that occur over the flow separation line typically originate farther upstream, possibly over the open ocean. Generally, the trade wind clouds in the far upstream region are relatively weak and have low precipitation efficiency . The cloud patches are enhanced and organize into rainbands as they approach the island. The intensification near the island appears to be more significant when the offshore flow is deeper and stronger as a result of inland rainfall (Wang and Chen 1998) . Austin et al. (1996) suggested that the flow fields accompanying rainbands can be somewhat complicated. Rainfall on the island and offshore exhibits a strong diurnal cycle, influenced by both the nocturnal forcing of the island and radiative forcing of the incoming trade wind cloud patches (Austin et al. 1996; Carbone et al. 1998) . Carbone et al. (1998) confirmed that the most intense rainfall occurs over the mesoscale convergence zone that separates the easterly trade winds from the islandinduced westerly flow ( Fig. 1; after Carbone et al. 1998) . As shown in Fig. 1 , this zone migrates from near the shoreline (the dark line in Fig. 1 , also the location of the CP4 radar) to about 10 km offshore during the early morning hours. In addition, they discovered that rainfall is enhanced to about double the oceanic background in a zone 20-45 km offshore and asymptotically approaches oceanic background beyond about 50 km from shore ( Fig. 1) . The enhancement of rainfall by the island was reasonably systematic and strongly related to Fr. During the Hawaiian Rainband Project, U and N each varied by about a factor of 2, from 5 to 11 m s Ϫ1 , and from 0.006 to 0.012 s Ϫ1 , respectively. The Froude number varied from 0.17 to 0.41, with a mean of 0.25. Following Carbone et al. (1998) , we will consider Fr in the ordinary range when Fr Ͻ 0.3, and elevated when Fr Ն 0.3.
Analysis of individual rainband time histories by
The diurnal cycle of airflow on the island of Hawaii and the structure of the low-level flow separation line between the island-induced offshore flow and incoming trade winds are reasonably well understood. The purpose of this paper is to examine the formation and organization of nocturnal and early morning offshore Hawaiian rainbands, the flow patterns associated with these rainbands, and their relationship to the flow separation line. A hypothesis is established explaining the mech- anisms leading to the formation and organization of Hawaiian trade wind rainbands in all trade wind regimes observed during the Hawaiian Rainband Project (HaRP).
Data analysis
The data used in this study were obtained during HaRP conducted on the island of Hawaii during the summer of 1990. Project HaRP was designed to better understand the thermal and dynamic effects of the island on the prevailing trade winds and to investigate the mechanisms responsible for the formation and evolution of cloud bands and rainbands offshore.
Two National Center for Atmospheric Research (NCAR) C-band Doppler radars were operated during HaRP, one (CP3) at Paradise Park and the other (CP4) at Hilo (Fig. 2) . The radars were available from 19 July to 22 August 1990. Between 19 July and 1 August, radar operations occurred during seven mornings beginning 1-2 h before sunrise and two evenings starting 1-3 h prior to sunset. Radar operations were conducted on a 24-h basis (with a few short breaks) for two intensive operation periods (IOP), 2-4 August and 6-11 August. From 14 to 22 August, eight morning operations were conducted. Analyses in this paper focus on the data collected during all morning periods and during the periods from 2200 to 1000 HST during the IOPs. The radar-scanning procedure involved a 15-min sequence of coplane, surveillance, and range-height indicator (RHI) scans. The sequence typically started with a low angle (0.5Њ) 360Њ surveillance scan followed by five coplane volume scans, each taking approximately 2.5 min. The coplane volume scans were followed by a three-level surveillance scan (0.5Њ-4.5Њ) and RHI scans. Lhermitte (1970) discusses the procedure for coplane scanning. The entire sequence was timed to begin at each quarter-hour and was repeated as long as significant echoes were present.
Hovmöller-type diagrams, where rainfall is contoured in a time versus range format, are one method used in this paper for display and analysis of rainfall. For these diagrams, rainfall rates were averaged over 5 km ϫ 40 km boxes extending from 25 km onshore to 70 km offshore (Fig. 2) . Rainfall rates (R, mm h Ϫ1 ) for the Hovmöller diagrams and for other rainfall analyses in the paper were estimated from the radar equivalent reflectivity factor, Z e (mm 6 m Ϫ3 , hereafter called reflectivity), using a Z-R relationship, Z ϭ 21R 1.5 (Carbone et al. 1998) . Positions of the flow separation line on the Hovmöller diagrams were determined from radar RHI scans of radial velocity, low-level aircraft passes, and Portable Automated Mesonet (PAM) data over land.
Spatial and temporal coverage determined which radar was used for rainfall analyses. In the case of the Hovmöller analyses (Figs. 1, 3 , 5, 6), CP4 had the best temporal continuity and the surveillance scans permitted a good view of the onshore sector west of the radar. In the case of the offshore rainfall analyses (Figs. 7, 8, 14) , CP3's coverage extended into the southern region where the lowest level CP4 beam was blocked (see Fig.  2 ). Since CP3's temporal resolution was the same as CP4 during the periods of interest, we used CP3 for these analyses. Beam blocking (see Fig. 2 ) did not effect the Hovmöller analyses, because the lowest unblocked surveillance scan was used for each 5 km ϫ 40 km box in the Hovmöller domain (Carbone et al. 1998) .
The radar baseline was 17.5 km long and oriented along the shoreline. A 30Њ intersection angle between beams of the radar (the 30Њ dual-Doppler lobe, see Fig. 2) extended out to 32.7 km from the baseline. Because many Hawaiian rainbands occur well offshore (Austin et al. 1996; Wang and Chen 1998) , we extended the dual-Doppler analysis domain to a 75 km ϫ 60 km area with a horizontal resolution of 0.3 km. Based on the calculation suggested by Doviak and Zrnić (1984) , uncertainties in radial velocity estimates from the HaRP radars were approximately 0.3 m s Ϫ1 . Errors in derived horizontal winds are a function of location within the domain. At the edge of the 30Њ dual-Doppler lobe, the uncertainty in the estimate of the horizontal wind was about 0.6 m s Ϫ1 . The extreme seaward corners of the domain were within the 13Њ dual-Doppler lobe, where the errors were about 1.3 m s Ϫ1 . No analyses were retained for echoes on the island side of the 13Њ lobe (see Fig. 2 ). Because of the uncertainty in wind estimates in the far field, no calculation of first-order derivative fields such as horizontal divergence and vertical wind speed were performed with the interpolated radar data. Fur- thermore, blocking of the CP4 radar beam by buildings at the Hilo Airport limited the region where dual-Doppler analyses were possible. For this reason, no wind analyses are available in the shaded area in Fig. 2 . Our dual-Doppler derivation of the winds follows the same procedure described by Szumowski et al. (1997) .
The offshore convergence zone is one of the most important factors affecting rainband evolution. Because of the shallowness (typically 200-300 m) of the offshore flow, even the lowest dual-Doppler coplane beams at the elevation of 0.5Њ sometimes were unable to depict the true surface position of the flow separation line in the upstream area. Comparing aircraft data and CP4 RHI scans with the coplanes, it was found that the flow separation line on the lowest coplane appears 3-5 km closer to the island than the farthest extent of the offshore flow at the ocean surface. When rainbands are far upstream, the coplane scans may totally miss the information in the lowest few hundred meters. Data from the NCAR Electra were the primary source of information to determine characteristics of the flow in the lowest levels. The NCAR Electra made 29 flights on 26 days between 19 July and 22 August. On many flights, low-level (170 m) legs were flown from near the shoreline eastward to about 100 km offshore. The aircraft then climbed to obtain a sounding. The sounding was taken at a distance of about 100-130 km offshore. Referring to Fig. 1 , we see that the sounding was well beyond the zone of rainfall intensification associated with island forcing. The eastern end of this zone is about 50 km offshore based on the analysis of Carbone et al. (1998) . In nearly all cases, the sounding was taken outside of cloud. For these reasons, we believe that the soundings reasonably represent the upstream, undisturbed trade wind environment. Quantities such as convective available potential energy (CAPE), lifting condensation level (LCL), and level of free convection (LFC) reported in this paper were derived from these soundings.
Rainfall regimes
The temporal evolution of rainfall within a domain extending from 25 km onshore to 70 km offshore was compiled in Hovmöller format for each of the 24 mornings for which radar data were available from CP4. Significant variability was observed from day to day. Four days were suppressed days with little morning rainfall (4, 6, 16, and 20 August). These cases occurred when broad clear breaks in the oceanic trade wind stratocumulus passed over the island (Austin et al. 1996) . On one day, 20 July, the rainfall was dominated by a largerscale disturbance in the trade winds conducive to the formation of warm core vortices (Raymond and Lewis 1995) . The rainfall evolution on the remaining 19 days was broadly categorized into three regimes.
a. Rain from open ocean intensifies 35-50 km offshore and again at flow separation line
Twelve of the 19 cases showed rain moving into the radar domain from the open ocean, with an initial enhancement of rainfall intensity 35-50 km offshore and a second enhancement over the flow separation line 10-20 km offshore. These cases included 23 and 28 July, and 2, 3, 7, 8, 9, 10, 11, 14, 21, and 22 August. Figures  3a and 3b show Hovmöller-type diagrams of rainfall for two cases in this regime, 3 and 7 August. Rain events in this regime begin in association with trade wind cloud patches drifting in from the open ocean (Fig. 4) . In general, rainfall over the ocean upstream of Hawaii is more frequent at nighttime with maximum intensity occurring in the early morning (Riehl 1979) . On 3 August, rainfall rates increased by about a factor of 3-4 between 60 and 45 km offshore (Fig. 3a) . The rainfall weakened somewhat, then increased again at about 20 km offshore as the clouds passed over the flow separation line. Sim- ilar behavior was observed on 7 August (Fig. 3b) . In this case, the flow separation line was much closer to shore. The first peak in average rainfall rate, which occurred at about 40 km offshore, was weaker than those observed on 3 August, while the second peak over the flow separation line was stronger than observed on 3 August.
b. Continuous rainband formation offshore over the flow separation line
During most mornings, the low-level convergence near the flow separation line was not strong enough to initiate precipitation, but rather acted to increase rainfall from clouds and rainbands arriving from the open ocean. However, during four of the 19 cases, rainbands formed continuously over the flow separation line. The four cases were 19, 27, 28, and 30 July (Austin et al. 1996) . Figure 5 shows a Hovmöller-type diagram of rainfall rate for 19 July, one of the rainiest days during HaRP, and the only case with a trade wind inversion higher than the characteristic height of the island used in Froude number calculations (e.g., Smolarkiewicz et al. 1988). From 0500 to 1100 HST, most of the rainfall occurred within 20 km of the coastline. The maximum rainfall was concentrated in a zone about 10 km offshore where the island-induced offshore flow met the incoming trade winds. The CP4 surveillance scans showed that during morning hours, rainbands were periodically generated over the flow separation line while little rainfall occurred upstream.
c. Rain over the island or near shore only
For some cases such as 24 July, and 15, 17, 18 August, the nocturnal rainfall occurred near the shoreline and over the windward lowland (the easternmost portion of the island below about 1000-m elevation, see Fig. 2 ) throughout the night, with little rainfall over the upstream ocean. For instance, on 15 August (Fig. 6 ), morning rainfall occurred no farther than 10 km offshore, with most rainfall over the windward lowland to the west of Hilo (Fig. 2) . The maximum rainfall occurred about 15 km inland around sunrise.
Characteristics of flow fields and organization of rainfall in different rainfall regimes a. Rainband formation from oceanic trade wind cloud patches
Rain upwind of Hawaii develops within trade wind cloud patches moving toward the island from the open ocean (Fig. 4 , see also Austin et al. 1996) . As air below the trade wind inversion approaches Hawaii and is forced to flow around the island, the trade wind cloud patches deform, influenced by both the broad-scale convergence and deformation induced by the island and the local convergence at the flow separation line. In this section, we use aircraft and radar data to examine this process, and determine, to the degree possible, its influence on the organization of rainfall.
The island's effect on rainfall can be seen in Figs. 7a-d, which show four examples of the integrated rainfall over approximate 5-h periods during four mornings. The rainfall was determined from the CP3 reflectivity field because the coverage was better in the region where the CP4 beam was blocked (see Fig. 2 ). Precipitation typically is present in cells that move with the trade winds toward the island. The cells undergo an enhancement beginning 35-50 km offshore and produce the maximum rainfall near the flow separation line, which, in the cases shown, varies from 20 to 30 km offshore (Fig. 7a) to near the shoreline (Figs. 7b,c) .
The zone of rainfall intensification 35-50 km offshore was observed on all 12 HaRP days when trade wind cloud patches moved toward the island. A composite of the total rainfall from 40 h on 8 days (Fig. 8) shows this intensification clearly. The 4 days excluded from this composite either were missing a large number of coplane scans or were contaminated by chaff releases. The total rainfall on Fig. 8 displays two enhancements. The first occurs 35-50 km offshore, where total rainfall increases from its background of 1 mm to over 3 mm. The second occurs over the flow separation line, where the rainfall increased to over 10 mm (equivalent to 0.25 mm h Ϫ1 for the 40-h period). Rain cells move toward the island with the mean trade wind flow (Carbone et al. 1995) . The track of the cells in Fig. 7 provides an image of the mesoscale flow pattern in the upstream region. Cells in the northern and southern parts of the domain appear to move almost parallel to the 1000-m elevation contour of the island as air flows around the island. The 1000-m level is near the center of the trade wind layer. The flow splits to the north and south along a line extending from Hilo eastward to the edge of the radar domain (Fig. 7) . The deformation apparent in the radar data is also evident in the largerscale view of the cloud patch field in Fig. 4 .
To obtain a depiction of the mean low-level airflow, the averaged wind fields from 42 dual-Doppler radar coplane scans at 0.5Њ, aircraft winds from a box pattern flown at about 170 m over the ocean, and 22 PAM stations on the windward side of the island were combined for the period of 0515-0730 HST 3 August 1990 (Fig. 9) . The 3 August case had the best radar coverage because the cells and bands were relatively widespread. It is important to recognize that the altitude of the coplane increases away from the baseline, so that winds depicted at 50 km are approximately 450 m high, while those at 20 km are at 170 m. The winds south of line L on Fig. 9 could not be determined because the CP4 beam was blocked in that region.
The average winds depicted in Fig. 9 continuously decelerate between the outside edge of the domain and the flow separation line, which was located at 20-22 km offshore based on RHI scans (not shown). The flow separation line is not obvious in the coplane data because the radar pulse volumes were at a high enough elevation to contain both low-level offshore and higher- FIG. 7 . Accumulated rainfall during morning operations based on the CP3 1.5Њ coplane scans on (a) 3 Aug, (b) 7 Aug, (c) 8 Aug, and (d) 22 Aug. The integration period was between 5 and 6 h for each day. Coplane scans were used because the height of the radar beam did not vary as a function of distance parallel to the shoreline (radar baseline). Contours of island topography are for every 1000-m elevation. The trapezoid in panel d is discussed in the text in section 4a. level onshore flow. The offshore flow is clearly apparent in the aircraft data. Strong deformation is evident in both the offshore and onshore flow.
A possible explanation for rainband enhancement in the 35-50-km offshore zone is that convergence associated with island blocking triggers convection or enhances preexisting convection. Aircraft measurements extending far offshore provide a means to examine the role of island blocking. About half of the morning flights had a low-level (ϳ170 m) leg starting 0-30 km from Hilo and ending about 100-120 km offshore. Figure 10 shows examples of the measured westerly low-level wind component (u) measured by the aircraft on 5 days. These measurements are characteristic of the larger dataset. All cases shown in Four features appear on the Electra wind profiles in Fig. 10: 1 ) the easterly trade winds decelerate as air approaches the island, 2) sharp decelerations in the trades occur across rainbands (the positions of the rainbands were determined from simultaneous radar data), 3) in three cases, a transition from onshore to offshore flow is evident at the flow separation line, and 4) the influence of the island on the trade winds extends at least out to the eastern limit of the measurements (ϳ120 km offshore). It is clear from this figure that circulations associated with rainbands modify the flow approaching to island.
To test our hypothesis that rainband enhancement in the 35-50-km offshore zone is associated with convergence from island blocking, we used the following approach: the one-dimensional divergence in the offshore direction, ‫ץ‬u/‫ץ‬x, was estimated from aircraft measurements on 20 August (Fig. 10) . On this day, the lowlevel wind field was unaltered by rainbands ( Fig. 10 and an average broadscale ‫ץ‬u/‫ץ‬x could be calculated. The shore parallel divergence, ‫,‪y‬ץ/ץ‬ could not be estimated on this day, either from the aircraft data (no shore-parallel legs) or radar data (no echoes). To obtain a rough estimate of ‫,‪y‬ץ/ץ‬ we chose a second day with a similar Froude number (Fr ϭ 0.24), 22 August, when individual cells could be tracked moving toward, and diverging around, the island (Fig. 7 ). An estimate of ‫‪y‬ץ/ץ‬ was obtained from the cell tracks.
On 20 August, the easterly wind component decreased continually from 6 m s Ϫ1 at 120 km offshore to near zero at ϳ23 km offshore, where the transition from onshore flow to offshore flow occurred. The average one-dimensional divergence, ‫ץ‬u/‫ץ‬x, across this deceleration zone was ϳϪ6 ϫ 10 Ϫ5 s Ϫ1 . We roughly esti-
mated the divergence in the shore parallel direction, ‫,‪y‬ץ/ץ‬ by examining the tracks of the cells in Fig. 7d . The cells on the north and south boundary of the trapezoidal box in Fig. 7d , for example, separated 18 km while moving 30 km toward the island at a mean speed of 3 m s Ϫ1 . If we assume that the cells moved with the mean wind, then the average ‫‪y‬ץ/ץ‬ over this region was about 7 ϫ 10 Ϫ5 s Ϫ1 . The calculations of ‫ץ‬u/‫ץ‬x and ‫‪y‬ץ/ץ‬ suggest that the convergence in the x direction is nearly the same as the divergence in the y direction, an expected result since almost no trade wind air flows over the island (except in the saddle between the volcanoes). The average convergence upstream of the island east of the flow separation line must therefore be a small residual between ‫ץ‬u/‫ץ‬x and ‫.‪y‬ץ/ץ‬ To estimate the islandinduced convergence, let us initially assume that the residual convergence is about an order of magnitude less than ‫ץ‬u/‫ץ‬x, or about 6 ϫ 10 Ϫ6 s Ϫ1 . A way to test the validity of this estimate is to examine the change in the height of the trade wind inversion as air approaches the island. Broadscale convergence in the trade wind layer must result in an increased inversion height. Szumowski et al. (1997, their Figs. 8, 17) , using radar and sounding data, showed that the trade wind layer depth increases about 300-400 m over the same 100-km distance as the low-level aircraft measurements. Since the entire trade wind layer experiences the blocking effects of the island, let us assume that the island-induced convergence occurs over the depth of the trade wind layer. Figure 8 from Szumowski et al. (1997) shows an example from 22 August 1990 in which the top of the trade wind layer rose 400 m, from 2800 to 3200 m. Using our estimated convergence, the expected average vertical motion at the top of a 2800-m-deep trade wind layer would be about 1.7 cm s Ϫ1 . During normal trade wind conditions, the average wind speed decreases from 6 m s Ϫ1 to near 0 m s Ϫ1 in about 100 km. If we use 3 m s Ϫ1 as an average wind, then the trade wind depth will increase by 570 m, which is remarkably close to the observed 400 m, given the crudeness of these calculations. On a second day, Szumowski et al. (1997, their Fig. 17 ) reported an increase of 300 m for a trade wind layer with an initial depth of 2500 m. Our estimated convergence predicts an increase of about 500 m. Our estimate of convergence is therefore a reasonable upper limit.
Let us now use this convergence estimate to determine whether air in the low-level trade wind mixed layer can be lifted to its level of free convection during its transit from 120 km offshore through the observed 35-50 km intensification zone. Aircraft soundings in clear air far offshore during HaRP show an average LCL of 578 m and an average LFC of 984 m. Using the estimated convergence of 6 ϫ 10 Ϫ6 s Ϫ1 , air at the average LCL would rise about 90 m during the transit from 120 km offshore to 35 km offshore, the inner edge of the intensification zone. This vertical displacement is far less than that required to lift parcels from the LCL to the LFC. For this calculation we have assumed that the convergence was evenly distributed throughout the trade wind layer. In reality, the convergence may be stronger in the subcloud layer. If we assume that the convergence was twice as strong below the LCL, the displacement of the air at the LCL would be 180 m. For three soundings out of 30 available in the project, the distance between the LCL and LFC was less than 180 m. However, 180 m is still a factor of two smaller than that required to trigger convection under average conditions. These crude calculations strongly suggest that the broadscale island-induced convergence upwind of the flow separation line is normally insufficient to trigger convection in initially cloud-free air.
The radar RHI data show that narrow zones of organized convergence exist well upstream of the island within the cloud patches as they move into radar range (ϳ70 km). These data suggest that a different mechanism is responsible for the initial development of convection far upstream from the island and that the role of the island is primarily to organize the convection into rainbands (typically shore-parallel) and enhance the preexisting circulations. The forcing for the oceanic rainfall appears to be radiative in nature, since the cloud patches weaken or disappear on satellite images in the afternoon hours but are commonly observed on visible satellite images just after dawn (Austin et al. 1996 ). An increase in oceanic cloudiness and rainfall in the trade wind cumulus region of the Atlantic has been associated with nocturnal long-wave cooling (Slingo et al. 1982; Rogers et al. 1995) . Presumably, similar processes occur in the Pacific regime. Data from HaRP reported by Austin et al. (1996) and Carbone et al. (1998) clearly show the increase in oceanic rainfall at night and in the early morning.
Radar and satellite data show that cloud patches arriving from the open ocean must exist for rainbands to appear upstream of the flow separation line (Austin et al. 1996) . When rainbands are present, the aircraft data show that a sharp deceleration in the low-level trade wind speed occurs across the rainbands from east to west. These sharp zones of deceleration in the trade wind speed can be seen in Fig. 10 in profiles c and d at 55 km, and profile e at 35 km offshore. An example of the reduction of the low-level trade wind speed across a rainband can also be seen in the RHI scan of the radial velocity from CP4 on 3 August shown in Fig. 11 . Typically, the reduction in low-level wind speed is about 4-5 m s Ϫ1 . These zones occur because, in a reference frame moving with the rainband, air is drawn into the band from the low levels on both sides of the band in response to convection and latent heat release aloft. This leads to a deceleration of the trades on the west side and an acceleration of the trades on the east side. The deceleration zones propagate inward with the rainbands. These sharp decelerations in the trade winds across rainbands are typical in the HaRP dataset, and were observed as far as 60 km offshore, the limit of the radial velocity measurements. The aircraft data indicate that the easterly trade wind speed does not recover to its original value on the island side of a rainband, but rather maintains the lower speed or continues to decelerate as air approaches the island.
As an example of rainband development and the enhancement of rainfall that occurs as clouds move toward the island from far offshore, we present a more detailed analysis from 3 August 1990. On 3 August, the Froude number was 0.28, slightly above the HaRP average. The trade wind inversion was at 1900 m (815 hPa) with a strength of 2.1 K (100 m) Ϫ1 (Fig. 12) . The trade winds below the inversion were almost due east with the maximum speed of 11.0 m s Ϫ1 at 460 m elevation, decreasing to less than 1.0 m s Ϫ1 at the base of the inversion. DualDoppler radar operations started at 0515 HST. Figure  13 shows the rainband and derived wind structure at four times between 0515 and 0735 HST. Figure 14 shows the integrated rainfall based on the CP3 reflectivity field for the same time period. At 0515 HST, several convective lines and cells were in the radar domain (Fig. 13a ). An S-shaped line (A) was observed 15-30 km from the island, while a north-south-oriented line (B) was located about 40 km east of Hilo. Another line (C) extended northeast to southwest from the eastern tip of the island, nearly perpendicular to the island coastline. In addition, several rain cells (D) were in a line about 55 km offshore parallel to the coastline. Lowlevel offshore flow extended to 15-20 km offshore based on RHIs and aircraft data.
Line D shows the typical nature of the enhancement that occurs as far offshore cells move toward the island and become organized into an active rainband. Figure  14 shows a general increase in precipitation in an approximate north-south zone extending from 30 km offshore of Cape Kumukahi to 55 km offshore of Hilo (dashed line on Fig. 14) . The rainfall rate increased from 0.2-0.4 mm h Ϫ1 to 0.6-0.8 mm h Ϫ1 . This enhancement was almost entirely due to changes in line D. At 0600 HST, several new cells developed in the lower right portion of the radar domain along the south end of line D (Fig. 13) , forming a line of precipitation about 50 km offshore. From 0600 HST to 0645 HST, line D developed into an organized band from several cells. The maximum reflectivity in the cells increased from 25 to 44 dBZ during the period (Figs. 13b and 13c) . Regions between the cells had reflectivities between 20 and 30 dBZ. The entire enhancement of line D occurred well upstream of the flow separation line. Between 0645 HST and 0735 HST (Figs. 13c and 13d) , the areal coverage of band D nearly doubled. In spite of the increase in areal coverage of rainband D, most of the rainfall was associated with the small convective cells. The evolution of band D in the far offshore region of the radar domain was typical of the enhancement and organization of many rainbands observed during HaRP.
The growth in areal coverage of the rainbands, such as that observed in line D, has also been documented by Szumowski et al. (1997) from their dual-Doppler analyses of the HaRP data (e.g., see their Fig. 11 ). Wider-scale rainbands were shown to develop as precipitation from individual cells spread laterally outward near the trade wind inversion and fell outside the region of active convection. The flow deformation during the approach of air toward the island appears to spread the precipitation primarily along an axis parallel to the island shoreline, creating the commonly observed shoreparallel rainbands observed upstream of the island. The intensification of existing cells within the cloud patches approaching the island likely occurs as a result of the weak island-induced convergence as the flow decelerates toward the island.
b. Rainbands forming over the flow separation line
The mechanisms and processes of rainfall formation and amplification near the flow separation line are sim- ilar to the theory of rapid cell generation along the leading edge of a cold pool established in observational and modeling studies (e.g., Ogura and Liou 1980; Rotunno et al. 1988; Weisman and Klemp 1982; Fovell and Dailey 1995) . The warm, moist boundary layer air on the upwind side is forced upward over the cool air from the island until condensation occurs and the air rises to the level of free convection. The updraft airflow is at the leading edge of the offshore flow and is tilted toward the island (Wang and Chen 1998) .
Early observational and modeling studies prior to HaRP suggested that lifting of the trade wind flow at the flow separation line provided the primary forcing for the formation of Hawaiian rainbands (e.g., Leopold 1949; Garrett 1980; Smolarkiewicz et al. 1988; Rasmussen et al. 1989) . The HaRP radar analyses show that, more typically, the flow separation line serves to amplify, rather than initiate, rainbands. However, there were cases during HaRP when rainbands formed directly over the flow separation line. Smolarkiewicz et al. (1988) argued that the vertical displacement of the trade winds (B) at the flow separation line should be equal to the ratio of the low-level trade wind speed to the Brunt-Väisälä frequency, U/N. They predicted from modeling studies that cloud bands would form at the flow separation line when B Ն LCL and rainbands would form when B Ն LFC. Austin et al. (1996) identified four cases in the HaRP dataset, 19, 27, 28, and 30 July, when rainbands formed continuously at the flow separation line. They compared B and the LFC for all HaRP cases and found that these four cases met or nearly met the Smolarkiewicz et al. (1988) criteria for rainbands, while most other cases did not (Fig. 15) . In this section, we examine the kinematic structure of the flow separation line in a case where B Ն LFC. The 19 July case was chosen for quantitative analysis because rainbands persistently formed over the flow separation line for several hours (Fig. 5) . The trade wind inversion was at 4 km on 19 July, the highest inversion height observed during HaRP (Fig. 16) . The high inversion resulted in a relatively large CAPE, 82 J kg Ϫ1 , with small convective inhibition (3.5 J kg Ϫ1 ) below the LFC at 450 m. The LFC was very low compared to the HaRP average of 980 m. The trade winds were easterly with a maximum speed of 11.5 m s Ϫ1 at 625 m, and the Froude number was 0.20.
When dual-Doppler operations started at 0545 HST on 19 July, a rainband was located parallel to the coastline very close to the island (Fig. 17a ). There were several scattered cells between 15 and 40 km offshore, while farther upstream a disorganized region of rain moved toward the island. A new rainband formed about 15-20 km offshore between 0600 and 0615 HST (Fig.  17b) . The offshore flow extended 15-17 km offshore between 0600 and 0615 HST based on RHI scans (not shown). The strongest low-level convergence at the flow separation line occurred below 200 m. We were unable to perform a quantitative analysis of the low-level convergence with the dual-Doppler radar data because the lowest coplane scan (0.5Њ) was at an elevation of 150-200 m at the flow separation line. As an alternative, we used aircraft data to examine the convergence field. From 0606 to 0614 HST, the Electra penetrated the band from west to east at an elevation of about 65 m (Fig.  17b) . The 1D convergence across the rainband was 8.2 ϫ 10 Ϫ4 s Ϫ1 over a distance of 10 km, with the peak 1D convergence of 1.2 ϫ 10 Ϫ2 s Ϫ1 over 1 km. These values are an overestimate of the 2D convergence, since strong deformation occurs at the flow separation line. To appropriately scale the convergence values, we calculated both the 2D convergence and deformation from a box pattern flown across the flow separation line from 0659 to 0737 HST, about an hour later. The Electra flew two 14 km ϫ 14 km boxes at the elevation of about 95 m to map the low-level flow pattern during this period (Fig.  18) . A linear integration along the flight track revealed a 2D convergence of 3.2 ϫ 10 Ϫ4 s Ϫ1 and deformation of 3.0 ϫ 10 Ϫ4 s Ϫ1 . The similar values of low-level convergence and deformation suggest that the actual 2D convergence at the time of the first penetration of the band (Fig. 17b) was about half of the measured 1D convergence, about 4 ϫ 10 Ϫ4 s Ϫ1 at a scale of 10 km, with a peak of 6 ϫ 10 Ϫ3 s Ϫ1 at a scale of 1 km. If we further assume that the convergence occurred over the lowest 500 m, then a rough estimate of the vertical speed of an updraft along the flow separation line would be on the order of 3.0 m s Ϫ1 . Using the kinetic energy method, the vertical velocity required at the top of the forcing layer to raise a parcel to the level of free con- vection can be estimated from w 0 ϭ (2 CIN) 0.5 , where convective inhibition (CIN, J kg Ϫ1 ) is defined by parcel ascent to the LFC. Using a CIN of 3.5 J kg Ϫ1 , determined from the sounding (Fig. 16) , a vertical velocity of 2.6 m s Ϫ1 was required to overcome the negative buoyancy. On 19 July, the vertical velocity of 3 m s Ϫ1 generated by the low-level convergence at flow separation line was marginally sufficient to lift a parcel beyond the LFC, triggering convection.
The 19 July case was the most prominent example of rainband formation along the flow separation line during HaRP. Our calculations for this case show that the forcing was just sufficient to lift initially cloud-free parcels beyond their LFC. On most days during HaRP, the forcing at the separation line is insufficient to lift parcels to the LFC. However, when existing rainbands approached the flow separation line, the enhanced lowlevel forcing is easily sufficient to intensify the rainfall. This conclusion is consistent with the observations of Austin et al. (1996) and supports the theoretical predictions of Smolarkiewicz et al. (1988) concerning rainband formation at the flow separation line.
c. Rainbands over the shore
The onset of the westerly downslope flow on the windward side of the island normally starts on the lowland slopes around 1900 HST about 1 h after sunset, and then progresses toward the coast (Chen and Wang 1994) . The interaction between the downslope flow and the incoming trade winds during those hours forces the nocturnal rainfall on the windward side of the island. Orographic lifting also contributes to precipitation development over the lowlands. The precipitation over the windward lowlands reaches a maximum around midnight (Chen and Nash 1994) . As the density current progresses toward the ocean in the morning hours (Carbone et al. 1995; Wang and Chen 1995) , the inland precipitation usually decays or weakens and rainfall develops over the ocean upstream of the island. According to the findings of Simpson and Britter (1980) , the eastward propagation of the downslope flow will stop when a balanced state with the opposing trade wind flow is reached. Typically, the density current associated with the downslope flow reaches 15-20 km offshore before sunrise.
In several cases during HaRP the flow separation line remained near the shoreline or over the island throughout the night. These cases all had elevated Froude numbers. In some cases, no offshore rain was observed, while in others, the offshore rainfall evolved in a way similar to that discussed in section 4a. An example with no offshore rain was 15 August 1990 (Fig. 6) . The Froude number on 15 August was 0.36, one of the highest observed during HaRP. The upstream sounding showed an easterly wind speed exceeding 9 m s Ϫ1 below the trade wind inversion, with a maximum of 12 m s Ϫ1 around 950 hPa (Fig. 19) . During the morning hours, the radar reflectivity pattern was quite uniform, with a rainband covering the windward lowland and slopes from an elevation of 300 to 2000 m (Fig. 20) .
The strong winds displaced the boundary between the offshore flow and trade wind flow to near the shoreline. Data from three PAM stations, shown in Fig. 21 , illustrate the flow features over the windward side of the island. The first station, located at the University of Hawaii at Hilo, was on the windward lowland at an elevation of 32 m, the second station was in Hilo close to shore at an elevation of 5 m, and the third near Cape Kumukahi at an elevation of 7 m. At the first two stations, the speed of the nocturnal drainage flow on 15 August was close to the HaRP average (Figs. 21a,b) , but the onset of onshore flow occurred earlier in the morning. At Cape Kumukahi, located on the eastern tip of the island, surface winds between 0400 and 0800 HST were onshore at 3-5 m s Ϫ1 , compared to the weak offshore flow typically observed during HaRP. The data near Hilo indicate, on the night of 15 August, a normal downslope flow over the island. The unusually strong trade winds constrained the leading edge of the offshore flow to near the shoreline in the early morning. Carbone et al. (1998) showed that when Fr is elevated, the average position of the flow separation line is about 7-8 km closer to the island. In addition, the strong trade winds rapidly transport precipitation inland. Orographic lifting also contributes to the overall precipitation rate since the bands move up the island slope.
Conceptual model of trade wind rainband development
The schematic diagrams on Fig. 22 summarize different scenarios for rainfall evolution based on the presence or absence of incoming cloud patches, the Froude number, and comparison of the LFC with the B parameter. The ideas incorporated in this conceptual model are based on a limited (HaRP) dataset, and therefore For Froude numbers near the HARP average, the flow separation line is located 10-20 km offshore. Convergence associated with the gradual deceleration of the trade winds (Fig. 22a, line a) is insufficient to trigger convection in cloud-free air in the time over which the deceleration occurs. Rainbands will not form along the flow separation line in cloud-free air if B Ͻ LFC (Fig.  22b , e.g., 20 August), while if B Ͼ LFC, rainbands will form continuously (Fig. 22c, e.g., 19 July). This observation is consistent with the theoretical predictions of Smolarkiewicz et al. (1988) . The primary factor de-
termining whether B Ͼ LFC is the height of the LFC (Fig. 15) . On a day with a low LFC, our calculations illustrate that the vertical wind speed at the top of the low-level convergence layer near the flow separation line is marginally sufficient to overcome the convective inhibition and trigger rainbands.
In general, the nocturnal rainfall progresses from the windward slopes toward the ocean, following the development and seaward progression of the offshore flow. For elevated Froude number situations, the flow separation line remains near the shoreline or over land (Fig.  22a, line b) . In the case of no incoming cloud patches, a rainband will typically only be present near shore and over land (Fig. 22d, e.g., 15 August). The onshore rainband is presumably generated by stronger convergence associated with orography, although we have few measurements to examine this quantitatively. The strong trade winds carry precipitation inland, so that the heaviest rain falls over the windward lowlands of the island.
In the summer, trade wind cloud patches often move in from the Pacific toward the island. The satellite and radar data from HaRP reveal that rainbands that develop offshore are associated with these cloud patches (Austin et al. 1996) . The cloud patches are commonly observed at night and early morning. Light rain occurs within these cloud patches well upstream of the island. Aircraft measurements show a sharp deceleration in the lowlevel trade winds across rain cells far offshore (Fig. 22a , line c), suggesting that cloud patches contain organized updrafts. As these cloud patches move toward the island, the deformation of the flow by the island elongates the patches parallel to shore, and the weak convergence associated with the decelerating trades enhances existing updrafts, intensifying the rainfall. The enhancement (Fig. 22e , e.g., 3 August) occurs in discrete cells 35-50 km upstream of the shoreline (see Fig. 7 ). The outflow at the top of the cells carries precipitation outward, filling in and widening the line of precipitation, creating the rainbands observed on radar (Szumowski et al. 1997) . As the rainbands approach the flow separation line, they experience a second enhancement as a result of low-level convergence. This enhancement occurs whether the flow separation line is offshore (Fig. 22f ) or near shore (Fig. 22g) . In general, the heaviest rainfall occurs near the flow separation line (Figs. 1, 8) . In cases where trade wind clouds approach the island and B Ͼ LFC, new rainbands form at the flow separation line at the same time that rainbands arrive from far offshore. The offshore rainbands are enhanced at about 35-50 km offshore and again over the flow separation line (Fig.  22f , e.g., 28 July-not discussed in text).
Summary
The complete dataset from the Hawaiian Rainband Project was examined to determine the factors that influence the organization and evolution of rainbands on the windward side of the island of Hawaii. The formation and evolution of nocturnal and early morning rainfall on the windward side of the island were found to be related to four major factors: (a) the existence or absence of trade wind cloud patches arriving from the northeast Pacific, (b) the effect of island blocking on the trade wind flow as it approaches the island, (c) the low-level convergence and thermal and moisture stratification near the flow separation line, and (d) the position of the flow separation line, controlled by both the Froude number and diabatic processes (nocturnal radiative cooling and evaporative cooling) occurring over the island.
If trade wind cloud patches are absent over the ocean upstream of the island, rainbands normally will not form upstream of the flow separation line. With typical Froude numbers, if the ratio of the low-level trade wind speed to the Brunt-Väisälä frequency, B ϭ U/N, is greater than the height of the level of free convection (LFC), rainbands will form over the flow separation line. Otherwise, rainbands will not form at this location. When the Froude number is elevated, rainbands will form over the windward shore independent of B.
If trade wind cloud patches are present, which is the typical case, light rain normally falls far from the island. These rain regions are enhanced by the weak convergence associated with island blocking and are organized into shore-parallel linear features by the deformation flow induced by the island. The enhancement generally occurs about 35-50 km from the island. Rainbands undergo a second enhancement over the flow separation line. Rainbands will also form over the flow separation line if B Ͼ LFC or over the windward shore of the island when the Froude number is elevated.
